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Abstract—We present the architecture, critical design issues,
and performance measurements of PETRIC, a 64-channel mixed
signal front-end integrated circuit for reading out a photodiode
array coupled with Lu . SiO5[Ce] scintillator crystals for a med-
ical imaging application: positron emission topography. Each
channel consists of a low-noise charge-sensitive preamplifier,
an RC-CR pulse shaper and a winner-take-all multiplexer that
selects the channel with the largest input signal. Triggered by an
external timing signal, a switch opens and a capacitor stores the
peak voltage of the winner channel. The shaper peaking time is
adjustable by means of external current inputs over a continuous
range of 0.7 s to 9 pus. Power consumption is 5.4 mW per Eneryy signal from PAT
channel, measured equivalent noise charge at s peaking time,
zero leakage current is 33 rms electrons plus 7.3 rms electrons
per pF of input capacitance. Design is fabricated in 0.5¢m 3.3-V
Comp|ementary metal-oxide semiconductor techn0|ogy_ Flg 1 Elements of the_ PET camera detector‘module. IC S?t§ on a printed

circuit board used to fan-in the PD array. IC continuously amplifies the energy

Index Terms—Front-end electronics, integrated circuit design, signals from the PD array and produces at its output an analog pulse whose peak
low noise, mixed signal, preamplifier, pulse shaper, winner-take- amplitude is proportional to the charge collected in the channel with the largest
all. input signal (winner channel) and the 6-bit digital address of the winner channel.

Timing signal from the PMT can be used to track-and-hold the output analog
pulse.
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. INTRODUCTION

E ARE designing a positron emission tomographgf interaction (DOI) in the crystal. Fig. 1 shows the detector
W(PET) detector module to identify 511-keV photongnodule.

generated by positron annihilation with good spatial and The large number of photons generated by the LSO crystal
temporal resolution. The detector module consists ofx® 8 during 511-keV gamma interaction (3000 to 5000) makes
cerium-doped lutetium oxyorthosilicate (L8iOs[Ce] or the noise due to statistical fluctuation in photon emission in
LSO) scintillator crystal array coupled on one side to 88 the PMT negligible. The electronic noise at the PD end is
photodiode (PD) array of 3-mhrpixels on the other to a singleimportant, given the constraints of the detector capacitance
channel photomultiplier tube (PMT). Whenever a gamma rdy-3 pF), detector leakage current (300 pA) and rate (peaking
interacts in the scintillator array, a timing and an energy signtiine ~1 ps) and, thus, must be minimized [1]. The identifica-
are generated by the PMT and an energy signal is generdiiod of the crystal of interaction has to occur in a short time
in the PD array. The PMT provides an accurate timing puls@mpared to the expected period between different input events
and initial energy discrimination for the 64 crystals in th€10-us/detector module).

module while the PD array identifies the crystal of interaction. PETRIC provides a unique mixed-signal solution to readout
The sum of the charges collected at the PMT end and at the signals from PD array through the novel on-chip integration
PD end, PG-PMT, provides a total energy signal while theof an array of highly sensitive amplifier channels with a winner-
depth estimator ratio PD/(REPMT) determines the depthtake-all (WTA) multiplexer.
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coupled to the IC; each PD has a shunt capacit&ncef ~3 . B E
pF and a dark leakage curreht,,; in the range of 100-600 = %l £ &
pA. The IC continuously outputs the amplified pulse signe < o & 8 2 %
corresponding to the element of the array with the highe 2226392 =35
signal and its digital address. The peaking time and the ge ) l{ J: J: J: J: } 4 I
must be adjustable to comply with different signal/data-rat..Input Photodiodes
systems. An externally generated track-and-hold signal sto Serial decoder - control logic‘
the pulse peak voltage on an on-chip capacitor. Electror %In : - N
. . . L Channel 0
noise should dominate; therefore it must be minimized. T - . : o9
achieve a reasonable signal-to-noise ratio, the total inpéﬁ Calibration : S| 1€
referred noise should be less than 200 electrons rms. No ﬁ{ Channel 62 H=s| |8

contributions from the electronic readout and from the leaka Eal
current of the detector have been studied extensively in t v SH Dl
field of electronics for high-energy physics experiments [3 %163 ’_{D}j-!—!—[ T
Power consumption should be minimized since the modu —iT @ =
that hosts the IC does not provide cooling. We have select [, |Preamp Shaper .V to [ {IWTA
a 0.5m 3.3-V CMOS technology with silicide block and--

linear capacitor options based on current availability. We ha Channel 63 Enable WTA

fabricated and tested a 16-channel amplifier prototype ai v SH

a 16-channel WTA prototype; these prototype designs, wi p—— T

minimal modification, were merged and expanded to realize tl Generator =

64-channel IC. Noise coefficients fay f noise extracted from

prototype measurement showed that1li¢ noise contribution Enable WA L
to the equivalent noise charge (ENC) is relevant at our targ Channel 64 - dummy channel —

peaking time and input leakage current. 4%

The chip architecture is shown in Fig. 2. Input charge signa
are pre-amplified and filtered to optimize signal to noise ratic. Analog Out
The WTA circuit, dc coupled to the amplifier outputs, Contmu Fig. 2. PETRIC architecture. Each channel consists of a pulse amplifier (CSA
ously selects the channel with the largest input and connectsndrc-CRiilter) and a WTA cell. When a WTA cell recognizes its amplifier
to an output buffer. channel as producing the largest output voltage, a hit bit is generated. This bit

A dummy channel, without an amplifier, presents a dc- onf§/ encoded to produce the address of the winner channel.
voltage to the WTA and acts like a threshold that the other chan-
nels need to exceed in order to be identified as the winner. T HV. ;
dummy channel should be selected when no input signal corr§ Idarkl d; T
from the PD array and prevents the WTA from switching due t T N Cmp M é l

. . . : : inp 13

electronic noise. The choice of the threshold voltage comes frc ;
consideration of several factors: the random electronic noise ~ PETECTOR ouT
the output of the amplifier channel, the noise coupling from th % j
switching circuit to the sensitive amplifiers, the dc output dispe
sion of the amplifiers, and the dc input dispersion of the WTA

The threshold should be large enough to prevent switching d
to noise, while it should be small enough to allow identificatiol TCe

of small signals.

Triggered by an off-chip signal, a track-and-hold capacitc
can store the analog peak voltage. The control logic sets t =
preamplifiers’ gains, masks individual channels form the WTA
and connects a calibration circuit for testing. For minimun
crosstalk between the digital and the sensitive analog sectio }Bms
it is possible to gate the digital signal from the WTA to the
encoder: in this way, the encoder can be activated after the pé@k3 Simplified schematic of the CSA. Telescopic cascode design still fits
voltage has been stored in the holdlng capacr[or. in 3-V power supply, but will require folding for lower voltage operation.

1) Charge-Sensitive PreamplifieThe single-ended CSA
[ll. CIRCUIT DESIGN AND LAYOUT consists of a common source cascode stage with regulated
cascodes to boost dc gain followed by a source follower stage.
A simplified schematic is shown in Fig. 3. The input device
The amplifier channel consists of a low-noise charge-sendik,;, is a p-channel MOS (PMOS) with gate capacitafkg,;
tive amplifier (CSA) followed by arRC-CRshaper and an al- the size ofi/;,, has been chosen as a compromise betwg¢n
ternating current (ac) amplifier. noise minimization for a MOS in strong inversiofii, = Cy)

A. Amplifier Channel
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and thermal noise minimizatiolX,,, = 1/3Cy) [4]. The bias CR-RC Shaper AC amplifier
current of My, given by liy, = I + Io ~ 900 pA, sets
My in the region of operation at the onset of strong inversiocsa out
to obtain a reasonablg,, /I, ratio while achieving a high
transconductancg,, ~ 8 mS [5]. The main noise contribution
to the noise of the CSA comes frod;,,, although the
noise contribution from the current sourchsand ., are not
negligible due to the low power supply and the limited voltag |
available to degenerate them [6]. The feedback capacitdpce

Textl % l Iext2 ?

WTA IN

is placed between the input nogkeand the gate of the source

follower stage to avoid introduction on the closed loop of th

complex poles of the follower stage and to isolate the feedback

capacitor from the following stage. Switching between differeimg. 4. Simplified schematic of the pulse shaper. Two external curfents-,

feedback capacitors allows different gains to be achieved. THel [=x72 are used to tune the transconductances of the OTAs and, thus, to
. . . .. __change the pulse peaking time.

low-level input signal requires a small feedback capacitance

to achieve a reasonable gain at the preamplifier output. Wih---coooooo ooy

. H ﬂ- .
a choice ofC; = 14 fF for the maximum gain setting in the < - vinl & . . 5 Vin64
preamplifier, the feedback factgr, given by S Bl | § l& =~ 12
o I | O =
= l : i : E . .
f Cd + Cinp + Cparasitic ( ) i : i i
is f = 2.3x1073. This small feedback factor provides high gairi ;J ?o) L{ .. L‘
and relaxes the design constraints for closed loop stability at t ' j : ﬁ ; :
expense of a slower response of the preamplifier due to the srr Chatmel 0 Chamnel 1 Channel 64

value of f the regulated cascodes are essential for achieving shooamey
ficient close loop gain. Charge restoring is provided by min-
imum Iength PMOS reset transisth (W/L — 2.4/0.6 Nm)- Fig.‘5. Simplifigq schematic of th_e WTA. Based‘on a two-tra_nsistor per cell
My is biased to operate in the saturation in quiescent conditicfge@g]nﬁhgs C'rcu'tt's Corlnp?dand dissipates very litle paléas.« s setequal
M Yy an external reterence.

and it enters in strong inversion when a charge signal is detected.
M adds negligible parasitic capacitance to the feedback Capac-\\TA
itance, although its minimum size could result in a spread of
its output resistance due to transistor mismatch and, thus, affhe WTA circuit is dc coupled to the previous amplifier
fect the preamplifier performance inducing channel-to-chanri@pge and is based on the design presented in [11]; it consists of
reset time variations. Achieved drain-to-source resistdfige 2 Voltage-to-currenty(to!) converter followed by a high gain
is 14-3 G2 in the 100-500 pA range; at zero leakage curreritonlinear differential circuit. A simplified schematic is shown
the maximum achievablﬂdS is limited by the MOS source and in Flg 5. TheVtol circuit consists of a resistor followed by
drain diode leakage current to 7@XGThe dc biasing ofi/; is & common gate stage. The WTA cells in each channel share a
provided by a rep"ca bias like in [7], different|y from [7], nocommon tail CurrenﬂCO]w that is taken by the channel with
pole/zero compensation is provided. Due to the direction of e largest input, like in a large-signal driven differential pair.
leakage current)/; operates at constant gate-to-source voltagehe channel with the highest input voltage Hagr = Iconm
a large spread in the leakage current dictates adjustment of {ule all the otherdour is ~0; a current comparator compares
bias on a channel-by-channel basis. This is accomplished bytB output current of each channel to a fixed current and
on-chip digital/analog converter. generates the logic signal that identifies the winning channel.

2) Pulse Shaper:The pulse shaper is atwo stage Gm-C filtePue to its high gain, the main source of error of the WTA comes
and itis a single-ended first-order version of the design presente@m mismatch of the transistors and resistors initttel. The
in [8]. A simplified schematic is shown in Fig. 4. The two idensSelection circuit is designed to have a first-order response and a
tical operational transconductance amplifiers (OTAs) OTA1 aftfin-bandwidth product of 8 MHz.
OTA2 that determine the time constants are based on the desigft dc level shifter sets the dc output voltage of the dummy
presented in [9]; they use transistors operated in the triode f&annek-40 mV above the other channels.
gion to degenerate their input differential pairs. The OTAs’ tail When a switch is toggled by an external signal, the track
current can be externally adjusted to modify their transcondw@?d hold capacitor stores the analog voltage from the preceding
tance and achieve the desired peaking time. The filter is follow&tge; charge injection and clock feedthrough are minimized by
by an ac amplifier that provides no shaping, due to the long tiRecOmpensation scheme [12].
constant introduced by OTA3 and its feedback capacitance; this ,
block eases the requirements of large signal linearity of the pfe- Control Logic
ceding blocks at the expense of power consumption. It should beThe digital control section has been synthesized from a state-
noted that an ac coupling along the amplifying chain generatesiachine diagram using standard cells. The logic uses static fully
shift of the output baseline at high data rates, as described in [18jnchronous CMOS registers. Decoding a digital protocol based
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on the Xicor 12C, this logic circuit controls the gain and rese N\ ﬁ AT AT .“ Tl

time constant of the preamplifiers, masks out unwanted chz 4% \'\\L\im.h "I'i"h'l{‘“:l ” “Ifhfj
nels from the WTA, connects different channels to the calibr:
tion capacitance, and produces an error bit when multiple che
nels are selected. The IC can be set to operate in two differe,
modes: in WTA (default) mode the WTA selects the channi
with the highest output signal. In MUX (test) mode, the WTA s
disabled and a channel selected by the user is connected to
analog output. B

E 'ug'n‘.:l Ciofani]

T T & ! |
D. Layout i E= i
Fig. 6 shows a microphotograph of the realized circuit. T
minimize coupling to the sensitive amplifier from the switching
circuitry, separate quiet power supply lines and pads have be
utilized for the input transistors’ supply, the input transistors
well, and the amplifier channel; the WTA, the encoder, and tt
digital section share the same supplies. Nonpower carrying st
strate contact lines are employed. Furthermore, to take advi
tage of the low resistive substrate and to reduce substrate nc |
coupling, the chip back has been gold plated [13]. The layout Is
pad-limited: the bond pad size and spacing have been dictat@d 6. Microphotograph of the realized IC. 64 channels are split in two
by minimum line pitch and bonding constraints on the fan- iplumns and they share a common bias; the WTA cells sit in the center, the
g.igltal control logic is on top.
printed circuit board that will host the IC. The die area is 4.
mm x 4.8 mm. The capacitors in the preamplifiers are real- 04
ized as Metal 1 to Metal 2 plates while all the other capacitors r ‘
are implemented using the linear capacitor option, i.e., polysil-
icon-thin_oxide-A-diffusion. Test pads have been provided at
the output of the CSAs, shapers, and ac amplifiers and to mon-
itor the status of the internal digital logic.
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IV. PERFORMANCEMEASUREMENTS 14t
e 16 Lol bt Lo b T T
A. Amplifier Channel 2 0 2_4 6 8 10 12 14

Time (us)
1) Gain: We measured the gain of the amplifier's chann
7. \oltage output response of a single amplifier channel to different input
using external injection capacitors. Fig. 7 shows the Waveforrgh%lrges

present at the analog output when different charges are injected
into one amplifier. At maximum gain setting (120 mV/1000)e -1.25
1-us peaking time (achieved with equal RC and CR time con-
stants in the shaper), detector capacitarige- 3.7 pF, the gain

is linear within 1% in the range of 750 to 4000 electrons input
charge. For higher input charges (5 ko 9 ke), the nonlin-
earity of the pulse shaper degrades the performance and finally
the output stage enters into saturation for input charges bigger
than 9 ke .

07ns 7 9psa "
14

-
w =
o w

Shaper output (V)
o B

Using the internal calibration circuit, we have measured 3% 185 b
relative rms gain dispersion between channels on the same IC. Time (ps)

2) Pulse Shaping:Adjusting the external currents peakingrig. 8. Voltage output response of a single channel to an 1800 electrons input
times are achievable in the range of 0.7:9%s shown in Fig. 8. charge for different values of the external current sources of the shaper stage.
3) DC Output Offset VoltageThe dc dispersion at the
output of the amplifier channel is determined by the inpub outside loading capacitors. Input ENC was measured on each
random offset of the feedback transconductor of the ac ampthannel as the standard deviation of the output peak voltage dis-
fier. Measurements show a value for the dc offset variation tfbution, assumed to be Gaussian. In Fig. 9, the results of the
8-mV rms. measurements are plotted as a function of the input external ca-
4) Electronic Noise:Noise measurements were performegacitance at a filter peaking time setting of:4. Even if these
on a test board since a detector module was not yet availab&a do not take into account any leakage detector current, the
at the time of publication of this paper. The characterization ofsults confirm noise performances well below the required 200
the chip noise performances was carried out on both unbondagectrons specification for a foreseen 3-pF load. Noise perfor-
channels (no external load) and on channels that were bondeshces were also measured as a function of the filter peaking
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80 T T T T T 90 [
FENC(e rms) =34 + 7.3*Cd(pF) 1 80 F
70 | . = 70 &
- r 7 é 60§
E 60 . e
L L ] OV
Q50 . & 40 o
E u 1 30 ¢ 4 Cd=0pF
40 - Peaking Time Tpk = 1 s{ 207 —
8 & p HS ! Peaking Time (us)
oo bbb b b b
30 O 1 2 3 4 5 6 17 Fig. 10. ENC versus peaking time for different detector capacitances. Data are
Cd (pF) fitted neglecting the parallel noise contribution.
Fig. 9. ENC versus detector capacitari¢é at 1S peaking time. 05
Vo pm— T T 11T
. . N _ -channe] 1 channel 21
time setting as plotted in Fig. 10 to extrapolate 1hg noise ~ -l "« - e
floor limit for three different input capacitances. The data in 3_1.5 E E
this plot report a dominance of white noise contribution until gﬁ c Analog Output
10-us peaking time and confirm an ENC scaling with capaci- £ 2 a3 E
tance equal to 7.2 electrons per pF. As a crosscheck, input re- §-2.5 S bit bi 3
ferred noise spectral density was extractgd from measurements 3 g ! {)ne ;t})‘[ﬁg& OutpuI:
and compared to the expected one. In a linear system, the input E 1
referred noise charge can be expressed as B35 b
-5 0. 5 10 15
Time (us)

A
2 _ o A1 o 2
ENC” = Sw - Cror +A2CrorSy/y + 4378, (2) Fig. 11. Two different input signal charges are injected in two different

channels. The first sign@1 is injected at time zero while the second signal

where . . . Q2(Q1 > Q2) is injected after~2.5 ys. Analog output tracks the pulse
Sw input noise spectral density; generated by)1 until the pulse generated 2 becomes higher in voltage.
S1/¢ flicker noise spectral density; Digital output bits toggle accordingly.
Sy, parallel noise spectral density;
Ay white series noise coefficient; 05 e 0415
Ao 1/ f series noise coefficient; ~ I
As parallel noise coefficient; ; 1L Ho1
Cror total input capacitance; a C ]
T filter peaking time [14]. g7 C i
At 1-us peaking time, the filter bandwidth is large enough to %1‘5 C 1005
assume that the white noise contribution to the total input noise g r ]
is dominant, in absence of parallel noise. The relation between 5 20 Jo
ENC and input capacitance is linear and the input white noise -5 - )
spectrum can be inferred from the me2asurements 5_2‘5035' ‘ '6‘ ~ blé' ‘ ‘1 N 1‘5 ‘ ‘2 ‘ .‘2’5.0‘05
Y= [8ENC} ) ©) Time (ps)
A | 9Cp

o ) o ) Fig. 12. Analog voltage is stored in the holding capacitor when the track-and-
Acquiring with a digital oscilloscope the voltage wavefornold signal toggles.

at the output of the shaper we measured the values of the noise

CoefficientsAl, As, andAg. With a measuredh value close 2) |nput DC Threshold DispersionConnecting two chan-

to one, the preamplifier input white noise spectral density els at the time to the WTA, one channel with no input signal
1.3 nVA/Hz in agreement with the simulation results. Data ignd the dummy threshold channel, we have varied the threshold
Fig. 10 confirm the result with and extracted 1.4 nV/Hz againghannel voltage until the other channel would be identified as

an input device simulated noise of 1.2 RXiz. the winner. We have measured 20-mV rms dc dispersion at the
. input of the WTA. This value is the sum of the output dispersion
B. Amplifiers and WTA of the amplifier channel and of the input dispersion of the WTA

1) Channel SelectionThe WTA selects the input channelchannel. Since the measured dc output dispersion of the ampli-
with the highest dc voltage in less than 150 ns, connects it to ters is 8-mV rms, itis the WTA circuitinput dispersion that dom-
analog buffer amplifier, and outputs the digital address bits wfates. When no input signalis present atthe amplifier inputs, the
the winning channel. In Fig. 11 two recognizaBRl€-CRshaped dummy channelis always selected as the winner by the WTA.
pulse are shown at the analog output of the IC. The time that3) Track-and-Hold: The output analog voltage of the am-
the WTA takes to identify the winner channel is the sum of thelifier channel is stored in a 400-fF holding capacitor when the
switching times of the WTA cell, the current comparator, andold signal is received by the IC. Track-and-hold operation is
the decoder. shown in Fig. 12. The measured voltage error in the holding ca-
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TABLE |
SUMMARY OF THE IC’S PERFORMANCES

Techno]ogy CMOS 0.5 um33V
Die Area 4.5 mm x 4.8 mm
Leakage Current 30 — 600 pA
Detector Capacitance 3 pF
Number of Channels 64
Max Gain 120mV/1000e”
Min Gain 40 mV/1000e
Shaping 0.7 to 9 us unipolar
Noise at 1us Tpk 34 +7.2*Cd(pF) e'rms
Power 5.4 mW/Channel
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